Introduction {#s01}
============

Astrocytes, a major class of glial cells in the central nervous system (CNS), actively regulate axon guidance, synapse formation and maturation, synapse function and plasticity, and neuronal survival during development ([@bib17]; [@bib11]; [@bib19]; [@bib25]). Disrupting astrocyte activities and functions in crucial developmental stages leads to serious neurodevelopmental dysfunctions, including seizures and epilepsy, which are often a comorbidity of many neurodevelopmental diseases (e.g., Rett syndrome, autism, and Fragile X syndrome; [@bib38]; [@bib57]; [@bib10]). The highest incidence of seizures occurs in early life ([@bib43]), further implicating a developmental origin of seizure activities. Thus, elucidating how astrocytes developmentally regulate neuronal and circuit excitability is of particular importance to understanding and treating childhood seizures and epilepsy.

Increasing evidence supports brain inflammation contributes to the etiopathogenesis of seizures ([@bib36]; [@bib59]). As one of the key resident cell types in the CNS mediating inflammatory responses ([@bib31]), mature astrocytes are known to be associated with seizure generation and epileptogenesis ([@bib60]; [@bib13]; [@bib48]). Upon immune activation, astrocytes become activated with changes in their morphology, proliferation, and molecular expression ([@bib4]). This reactive astrogliosis is a hallmark of multiple brain diseases, including epilepsy ([@bib13]). In the epileptic foci, reactive astrocytes fail to buffer extracellular K^+^ and exhibit a reduced glutamate uptake ([@bib15]; [@bib12]), resulting in a profound increase in neuronal excitability. Reactive astrogliosis induced by conditional deletion of β1-integrin in astrocytes is sufficient to impair astrocytic glutamate uptake, causing spontaneous seizure activities ([@bib49]). Diminished glutamate uptake and reduced expression of glutamine synthetase in reactive astrocytes impair glutamine synthesis, leading to a decrease in neuronal γ-aminobutyric acid production and a subsequent increase in network excitability ([@bib41]). Although we are starting to understand how reactive astrocytes regulate neuronal and network excitability, we know little about how maturing astrocytes alter neuronal excitability through noncell autonomous mechanisms and/or tilt the balance of excitation and inhibition via shaping the central circuit upon immune activation in the developing brain.

Unlike mature astrocytes, maturing astrocytes in the developing brain have limited K^+^ buffering capacity ([@bib51]) and slow glutamate uptake capability ([@bib14]). Disturbing astrocyte activities during postnatal development may have minimal effect on the neuronal microenvironment and hence no direct consequence on neuronal excitability. In contrast, maturing astrocytes are actively involved in synaptogenesis ([@bib8]; [@bib18]; [@bib1]) and synapse elimination ([@bib9]) during postnatal development. Predisposing risk factors such as immune activation impairing astrocyte functions may strongly affect the development of a specific type of synapse, leading to abnormal network excitability. Thus, it will be interesting to study how astrocytes responding to immune activation modulate synapse development, causing a predisposition to seizure generation.

There is a considerable amount of Toll-like receptor 4 (TLR4) expressed in differentiated astrocytes ([@bib64]). TLR4 plays an essential role in the induction of innate immune responses and has been implicated in epileptogenesis ([@bib36]). Peripheral TLR4 activation has been shown to disrupt gap junctions among astrocytes, causing mesial temporal lobe epilepsy with sclerosis ([@bib3]). In this study, we investigated the effects of astrocytic TLR4 activation on synaptogenesis in hippocampal CA1 neurons and seizure susceptibility in young mice during a postnatal period, as well as the underlying signaling pathway initiated by TLR4 activation in astrocytes, to elucidate the critical molecular and cellular mechanisms of astrocytic TLR4 activation in early-life epileptic seizures.

Results {#s02}
=======

Lipopolysaccharide (LPS)-induced enhancement of seizure susceptibility in juvenile mice is concurrent with an increase in excitatory synaptic transmission {#s03}
----------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether there is a critical postnatal period during which systemic LPS challenges affect seizure susceptibility, we examined pentylenetetrazol (PTZ)--induced seizures in postnatal day (P) 21 mice treated with LPS for 3 consecutive days from P10--12 or in adult mice treated with LPS from P70--72. In comparison to the prior saline treatments, the prior LPS treatments significantly reduced the onset and prolonged the duration of PTZ-induced convulsions in P21 mice ([Fig. 1 A](#fig1){ref-type="fig"}). The prior LPS challenges, however, did not affect the onset and the duration of PTZ-induced seizures in adult mice (P70--72; [Fig. 1 B](#fig1){ref-type="fig"}). Moreover, PTZ-induced convulsions remained increased in adult mice previously treated with LPS from P10--12 ([Fig. 1 C](#fig1){ref-type="fig"}), indicating that such an increase is a long-lasting phenomenon. As brain TLR4 can be directly activated by circulating LPS or indirectly by LPS-induced peripheral inflammatory mediators, we next tested the effect of peripheral LPS injections on PTZ-induced seizures in young TLR4 knockout (*TLR4^−/−^*) mice. We observed that LPS had no effect on seizure susceptibility in young *TLR4^−/−^* mice (Fig. S1, A and B), suggesting that TLR4 activation renders young animals more prone to PTZ-induced seizures.

![**LPS increases PTZ-induced seizure susceptibility and promotes synapse development in CA1 pyramidal neurons in juvenile mice.** Prior LPS injections significantly reduced the onset and prolonged the duration of PTZ-induced convulsions in P14 mice (A) but not in adult mice (B). *n* = 8, 8, 9, and 9 for P21 saline, P21 LPS, adult saline, and adult LPS groups, respectively. (C) LPS injections in early-life (P10--12) did not affect the onset but significantly prolonged the duration of PTZ-induced convulsions in adult mice (P70--72). *n* = 8 for each group. Representative traces of mEPSC recordings from P14 mice (D) and adult mice (E). LPS increased mEPSC frequency and amplitude in CA1 pyramidal neurons in P14 mice (F and G) but not in adult mice (H and I). *n* = 10, 10, 9, and 9 for P14 saline, P14 LPS, adult saline, and adult LPS groups, respectively. (J) Representative reconstructions of CA1 pyramidal neurons from P14 (top) and adult (bottom) mice treated with saline or LPS. (K) Sholl analysis of CA1 pyramidal neuron dendritic arbor. *n* = 10 for each group. (L) Quantification of the number of dendritic branch ends. *n* = 10 for each group. (M) Representative images (top) and quantification of mean spine density (bottom) showing an increased spine density in CA1 pyramidal neurons in P14 mice treated with LPS. Bar, 8 µm. *n* = 8, 9, 9, and 10 for P14 saline, P14 LPS, adult saline, and adult LPS groups, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 (cumulative distributions in F and G, Kolmogorov-Smirnov test; in K, two-way ANOVA with the post hoc Holm-Sidak test; in other panels, *t* test). Data are mean ± SEM. CF, cumulative frequency.](JCB_201605046_Fig1){#fig1}

Hippocampal circuitry is involved in initiating and spreading epileptic seizures. We then investigated whether LPS treatments in the second postnatal week could alter synaptic function and development in the hippocampus. In comparison to saline treatments, LPS treatments from P10--12 significantly increased the frequency ([Fig. 1, D and F](#fig1){ref-type="fig"}) and the amplitude ([Fig. 1, D and G](#fig1){ref-type="fig"}) of miniature excitatory postsynaptic currents (mEPSCs) recorded from CA1 pyramidal neurons in P14 mice. LPS failed to significantly change mEPSC frequency ([Fig. 1, E and H](#fig1){ref-type="fig"}) and amplitude ([Fig. 1, E and I](#fig1){ref-type="fig"}) when injected in adult mice. Both early and late LPS challenges had no effect on the kinetics of mEPSCs recorded from CA1 pyramidal neurons (unpublished data). Furthermore, LPS treatments from P10--12 notably promoted dendritic branching ([Fig. 1, J--L](#fig1){ref-type="fig"}) and increased spine density ([Fig. 1 M](#fig1){ref-type="fig"}) in CA1 pyramidal neurons from P14 mice. However, LPS did not affect dendritic branching and spine density in CA1 pyramidal neurons in adult mice ([Fig. 1, J--M](#fig1){ref-type="fig"}). Together, these results indicate that systemic LPS treatments in the second postnatal week promote excitatory synapse development with a concurrent enhancement of seizure sensitivity.

LPS-induced promotion of excitatory synapse development requires astrocytes {#s04}
---------------------------------------------------------------------------

Both astrocytes and microglia are considered as the major targets for immune responses in the CNS. Therefore, we next investigated if LPS treatments were able to alter activation of astrocytes and microglia in the hippocampal CA1 areas of P14 and adult mice. Hippocampal activation of glial cells was estimated by calculating the relative mean fluorescence intensities of the glia markers and the normalized numbers of fluorescent cells per unit area. We found that there was an increase in GFAP-positive cell number and fluorescence intensity in LPS-treated P14 mice in comparison with saline-treated controls ([Fig. 2, A and B](#fig2){ref-type="fig"}). LPS, however, failed to significantly alter Iba-1--positive cell number and fluorescence intensity in LPS-treated P14 mice in comparison with saline-treated ones ([Fig. 2, C and D](#fig2){ref-type="fig"}). By contrast, LPS challenges to adult mice resulted in an increase in the number and fluorescence intensity of Iba-1--positive cells ([Fig. 2, G and H](#fig2){ref-type="fig"}), whereas the number and fluorescence intensity of GFAP-positive cells did not change ([Fig. 2, E and F](#fig2){ref-type="fig"}). In addition, LPS-induced increase in astrocyte activation was not observed in young *TLR4^−/−^* mice (Fig. S1 C). Furthermore, systemic LPS challenges significantly enhanced TLR4 expression in astrocytes in juvenile mice ([Fig. 2 I](#fig2){ref-type="fig"}; [@bib26]) but not in adult mice ([Fig. 2 J](#fig2){ref-type="fig"}), although the basal expression of TLR4 in astrocytes was limited in the hippocampus (the percentage of TLR4-positive astrocytes: 11.8 ± 0.6% for the juvenile group, *n* = 10; 9.6 ± 0.5% for the adult group, *n* = 10). The results indicated that peripheral LPS selectively increased astrocyte activation in the hippocampus of mice in the second postnatal week and implicated astrocytic TLR4 activation might be involved in the LPS-induced astrogliosis in the hippocampus in mice during this critical period.

![**LPS selectively increases astrocyte activation in hippocampal CA1 area in young mice.** Representative images of immunohistostaining of GFAP (red) and DAPI (blue; A) or Iba-1 (red) and DAPI (blue; C) and quantification of relative intensity of GFAP (B, left) or Iba-1 (D, left) and normalized GFAP- (B, right) or Iba-1--positive (D, right) cell numbers per unit area in hippocampal CA1 area of P14 mice treated with saline or LPS showing astrocyte activation upon LPS treatment in P14 mice. Bars: (left) 100 µm; (right) 50 µm. *n* = 13 for each group. Representative images of immunohistostaining of GFAP (red) and DAPI (blue; E) or Iba-1 (red) and DAPI (blue; G) and quantification of relative intensity of GFAP (F, left) or Iba-1 (H, left) and normalized GFAP- (F, right) or Iba-1--positive (H, right) cell numbers in hippocampal CA1 area of adult mice treated with saline or LPS showing microglia activation upon LPS treatment in adult mice. Bars: (left) 100 µm; (right) 50 µm. *n* = 12 for each group. Representative images (left) of immunohistostaining of colocalization of TLR4 (red) and GFAP (green) in hippocampal CA1 area of P14 (I) and adult (J) GFAP-GFP mice treated with saline or LPS and quantification of the percentage of TLR4-positive astrocytes (right). Bars, 25 µm. *n* = 10 for each group. \*\*, P \< 0.01; \*\*\*, P \< 0.001 (*t* test). Data are mean ± SEM.](JCB_201605046_Fig2){#fig2}

It has been shown that TLR4 activation promotes epileptogenesis via regulating neuronal survival, development, and function ([@bib50]; [@bib36]). Therefore, to further determine if early TLR4 activation in astrocytes regulates synapse development in the hippocampus, we established primary culture methods for mouse hippocampal neurons and astrocytes, as well as an astrocyte-neuron co-culture paradigm. The mouse astrocyte cultures contained very few microglia, as estimated by immunostaining with GFAP and Iba-1 and Western blotting for GFAP and Iba-1 (as described in the Materials and methods). We then compared the proportion of dead cells found in control cultures with those in cultures exposed to 1 µg/ml LPS for 48 h using propidium iodide staining. No significant change could be found in the numbers of survival cells in control and LPS-exposed cultures (control group: 23,238 ± 2,390 cells/cm^2^; LPS group: 21,767 ± 1,753 cells/cm^2^; *n* = 10 coverslips from three cultures for both groups), indicating LPS exposure did not affect cell viability.

We then examined the effects of LPS on synaptogenesis and dendritic branching of neurons from primary cultures or astrocyte-neuron co-cultures (LPS exposures at 8 to 9 d in vitro \[DIV8 to 9\], DIV10 to 11, or DIV13 to 14; [Fig. 3 A](#fig3){ref-type="fig"}). We found LPS treatment caused dramatic increases in the densities of PSD95 puncta ([Fig. 3, B and C](#fig3){ref-type="fig"}) and synaptophysin/PSD95 colocalized puncta ([Fig. 3, B and D](#fig3){ref-type="fig"}) in neurons co-cultured with astrocytes at DIV12 and 15 after a prior exposure of LPS for 48 h. However, LPS did not alter the densities of PSD95 puncta ([Fig. 3, B and C](#fig3){ref-type="fig"}) and synaptophysin/PSD95 colocalized puncta ([Fig. 3, B and D](#fig3){ref-type="fig"}) in neurons alone at DIV10, 12, and 15. LPS also significantly increased the dendritic length ([Fig. 4, A and B](#fig4){ref-type="fig"}) and branch number ([Fig. 4, A and C](#fig4){ref-type="fig"}) in neurons co-cultured with astrocytes at DIV12 and -15. LPS-induced changes in dendritic pattern of neurons in co-cultures were mainly manifested with more ramified second and third dendritic branches ([Fig. 4, D--I](#fig4){ref-type="fig"}). The effects of LPS on synapse formation and dendritic branching in neurons from co-cultures were blocked by TLR4 antagonist LPS from *Rhodobacter sphaeroides* (LPS-RS; unpublished data). In addition, LPS also increased the frequency and amplitude of mEPSCs recorded from neurons in co-cultures at DIV15 (Fig. S2, A--C), but did not affect miniature inhibitory postsynaptic currents (mIPSCs; Fig. S2, D--F), indicating LPS selectively promoted excitatory synaptic function. Taken together, these results illustrated that astrocytes contributed to LPS-induced excitatory synaptogenesis and dendritic branching in hippocampal neurons and suggested this LPS-induced facilitation of excitatory transmission in the second postnatal week might enhance PTZ-induced seizure susceptibility in mice.

![**LPS promotes synaptogenesis in hippocampal neurons in astrocyte-neuron co-cultures.** LPS (1 µg/ml) was added in astrocyte-neuron co-cultures or neuron cultures for 48 h before immunocytochemistry. (A) Schematics of experimental procedures. (B) Representative images of immunostaining of PSD95 (green) and synaptophysin (red) in neurons co-cultured with astrocytes (left) and neurons alone (right). Bars: 20 µm; (magnification) 5 µm. Quantification of PSD95 puncta (C) and PSD95/synaptophysin colocalized puncta (D) in neurons co-cultured with astrocytes at DIV12 and DIV15. *n* = 30 for each group. Ctrl, control; ICC, immunocytochemistry. \*, P \< 0.05; \*\*\*, P \< 0.001 (*t* test). Data are mean ± SEM.](JCB_201605046_Fig3){#fig3}

![**LPS significantly increases the dendritic branching in hippocampal neurons co-cultured with astrocytes.** (A) Representative images of immunostaining of MAP2 in neurons co-cultured with astrocytes (left) and neurons alone (right). Bar, 40 µm. Quantification of the length (B) and number (C) of total dendritic branches. Quantification of the length of the first (D), second (F), and third (H) dendritic branches. Quantification of the number of the first (E), second (G), and third (I) dendrite branches. *n* = 30 for each group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 (*t* test). Data are mean ± SEM.](JCB_201605046_Fig4){#fig4}

LPS-induced promotion of excitatory synapse development is specifically mediated by TLR4--MyD88 signaling pathway in astrocytes {#s05}
-------------------------------------------------------------------------------------------------------------------------------

TLR4 is widely expressed in various cell types in the brain, including astrocytes and neurons. To determine the specific signaling pathway in astrocytes that promoted synaptic and neuronal development, we first examined LPS-induced TLR4 activation in astrocyte and neuron cultures. Western blots showed that LPS exposure notably increased TLR4 expression in astrocytes, neurons in co-cultures, and neurons alone ([Fig. 5 A](#fig5){ref-type="fig"}), and the increased TLR4 expressions were blocked by TLR4 antagonist LPS-RS ([Fig. 5 A](#fig5){ref-type="fig"}). One of the key downstream adaptors of TLR4 activation is MyD88 (myeloid differentiation primary response protein 88), and TLR4 activation may result in MyD88-dependent or -independent signaling pathways in different cell types ([@bib40]). Thus, we next tested MyD88 expression in response to LPS treatment in astrocytes and neurons. LPS exposure specifically increased MyD88 expression in astrocytes, but not in neurons from co-cultures or primary cultures ([Fig. 5 B](#fig5){ref-type="fig"}). These results implicate that astrocytes and neurons may undergo distinct signaling events after TLR4 activation. Astrocytic TLR4 activation may recruit the key adaptor protein MyD88, whereas MyD88 is not involved in neuronal TLR4 activation. Because we used a noncontact co-culture system for neurons and astrocytes (see details in the Materials and methods), we further exposed neuron cultures with astrocyte-conditioned medium (ACM) from LPS-treated astrocyte (A/LPS) to test whether A/LPS affects synaptic and neuronal development. A/LPS elevated synapse formation and dendritic branching in primarily cultured neurons alone (Fig. S3).

![**LPS specifically activates TLR4--MyD88 signaling in astrocytes.** Representative Western blots of TLR4 (A) and MyD88 (B) in astrocytes, neurons in co-cultures (DIV15), and neurons alone (DIV15; top) and quantification of TLR4 (A) and MyD88 (B) expression (bottom). *n* = 4, 4, and 3 for astrocytes, neurons in co-cultures, and neurons alone groups, respectively. (C) Representative Western blots of MyD88 in *TLR4^−/−^* astrocytes and neurons co-cultured with *TLR4^−/−^* astrocytes (top) and quantification of MyD88 expression (bottom). *n* = 3 for each group. Quantification of PSD95 puncta (D) and PSD95/synaptophysin colocalized puncta (E) in neurons co-cultured with *TLR4^−/−^* astrocytes. *n* = 32 in each group. Quantification of PSD95 puncta (F) and PSD95/synaptophysin colocalized puncta (G) in neurons co-cultured with *MyD88^−/−^* astrocytes. *n* = 29 for each group. β-Actin is shown as a loading control. \*, P \< 0.05; \*\*, P \< 0.01 (*t* test or one-way ANOVA with the post hoc Dunnett's test). Data are mean ± SEM.](JCB_201605046_Fig5){#fig5}

To further confirm that MyD88 is recruited after TLR4 activation in astrocytes and regulates synapse development, we established co-cultures of astrocytes from *TLR4^−/−^* or myeloid differentiation primary response protein 88 knockout (*MyD88^−/−^*) mice and neurons from wild-type (WT) mice. LPS exposure did not elevate MyD88 expression in *TLR4^−/−^* astrocytes and WT neurons co-cultured with *TLR4^−/−^* astrocytes ([Fig. 5 C](#fig5){ref-type="fig"}). LPS also failed to promote synaptogenesis in WT neurons co-cultured with *TLR4^−/−^* ([Fig. 5, D and E](#fig5){ref-type="fig"}) or *MyD88^−/−^* astrocytes ([Fig. 5, F and G](#fig5){ref-type="fig"}). In contrast, LPS significantly promoted synaptogenesis and dendritic branching in WT, *TLR4^+/−^*, and *TLR4^−/−^* neurons (DIV15) co-cultured with WT astrocytes (Table S1). Together, these data indicate that activation of astrocytic TLR4--MyD88 signaling pathway is necessary for LPS-induced abnormal synapse formation and dendritic pattern in cultured hippocampal neurons.

To test if TLR4--MyD88 signaling pathway in astrocytes is involved in LPS-induced enhancement of seizure susceptibility in young mice, we deleted MyD88 in astrocytes by in utero electroporating (IUE) a set of *piggyBac* plasmids targeting astrocytes into *MyD88*^flox/flox^ mice (see details in the Materials and methods; [Fig. 6 A](#fig6){ref-type="fig"}). The mean IUE transfection rate was 50.1 ± 8.8% (*n* = 25, ranging from the lowest rate of 35.9% to the highest rate of 71.8%; [Fig. 6 A](#fig6){ref-type="fig"}; see details in the Materials and methods). GFP-positive cells in the hippocampus of IUE mice were also positive for s100β ([Fig. 6 B](#fig6){ref-type="fig"}), confirming the transfected cells are astrocytes. Approximately 96.1 ± 1.1% of GFP-positive astrocytes were devoid of MyD88 in mice (*n* = 9) electroporated with the *piggyBac* plasmids, whereas MyD88 expression in GFP-positive astrocytes was not affected in mice electroporated with the negative control plasmids ([Fig. 6 B](#fig6){ref-type="fig"}). In addition, MyD88 expression was not decreased in microglia in mice electroporated with the *piggyBac* or control plasmids (unpublished data), indicating that MyD88 was specifically ablated in *piggyBac* plasmids-transfected astrocytes. As expected, astrocytic MyD88 deletion inhibited the LPS effects on PTZ-induced seizure susceptibility ([Fig. 6, C and D](#fig6){ref-type="fig"}). LPS still increased PTZ-induced convulsions in mice electroporated with the control plasmids ([Fig. 6, C and D](#fig6){ref-type="fig"}). In addition, LPS failed to strongly elevate the frequency ([Fig. 6, E and F](#fig6){ref-type="fig"}) and amplitude ([Fig. 6, E and G](#fig6){ref-type="fig"}) of mEPSCs recorded from CA1 pyramidal neurons in mice with astrocytic MyD88 partially deleted. LPS still significantly increased the frequency ([Fig. 6, E and F](#fig6){ref-type="fig"}) and amplitude ([Fig. 6, E and G](#fig6){ref-type="fig"}) of mEPSCs recorded from CA1 pyramidal neurons in the control group. These results demonstrate that LPS-induced effects on seizure susceptibility and excitatory synaptic transmission in young animals are dependent on astrocytic MyD88.

![**Astrocytic MyD88 deletion in vivo attenuates the effects of LPS on PTZ-induced seizure susceptibility and excitatory synaptic transmission in juvenile mice.** (A) Schematics of experimental procedures of *piggyBac* (PB)--IUE in *MyD88*^flox/flox^ mice (left) and representative image of hippocampal slices from PB-IUE mice (right). Bar, 200 µm. (B) Representative GFP-positive cells electroporated with the PB (left) and control (Ctrl; top right) plasmids in the hippocampus immunohistostained with s100β (top left) and MyD88 (bottom left and top right) and quantification of the percentage of MyD88 expression in GFP-positive astrocytes (bottom right). *n* = 7 for each group. Bars, 10 µm. Partially deleting astrocytic MyD88 abolished LPS-induced reduction in onset (C) and prolongation of duration (D) of PTZ-induced seizures in young mice. *n* = 6, 5, 6, and 7 for Ctrl-saline, Ctrl-LPS, PB-saline, and PB-LPS groups, respectively. (E) Representative traces of mEPSC recordings in CA1 pyramidal neurons from P14 IUE mice. Astrocytic MyD88 deletion prevented LPS-induced increases in mEPSC frequency (F) and amplitude (G) in CA1 pyramidal neurons from P14 IUE mice. *n* = 6, 7, 9, and 9 for Ctrl-saline, Ctrl-LPS, PB-saline, and PB-LPS groups, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \#, P \< 0.05; \#\#, P \< 0.01 (in B, *t* test; in C, D, F, and G, two-way ANOVA with the post hoc Holm-Sidak test). Data are mean ± SEM.](JCB_201605046_Fig6){#fig6}

LPS-induced promotion of excitatory synapse development is mediated by a TLR4 signaling pathway that involves extracellular signal--related kinase 1/2 (Erk1/2) activation in astrocytes {#s06}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies have reported that stimulation of TLR4 in astrocytes activates the MyD88-dependent pathway, leading to nuclear factor-κB (NF-κB)--induced transcriptional regulation of TNF and MAPK--mediated tyrosine phosphorylation of signal transducer and activator of transcription 1, though MyD88-independent signaling was also found in astrocytes ([@bib24]; [@bib40]). Therefore, we investigated if MAPKs such as JNK, p38, and Erk1/2, as well as NF-κB, were engaged after TLR4 activation in cultured astrocytes and neurons. We found that LPS exposure did not alter JNK and phosphorylated (p)-JNK levels in astrocytes or neurons in co-cultures (Fig. S4, A--C). LPS significantly increased p38 and p-p38 levels in neurons in co-cultures, whereas only increased p-p38 in astrocytes (Fig. S4, D--F). LPS also raised p65 (an NF-κB subunit) and p-p65 levels in neurons in co-cultures, whereas LPS only elevated p-p65 level in astrocytes (Fig. S4, G--I). Notably, LPS specifically increased Erk1/2 and p-Erk1/2 levels in astrocytes rather than in neurons in co-cultures ([Fig. 7, A--C](#fig7){ref-type="fig"}). LPS exposure-induced changes in the levels of MAPKs and NF-κB in neurons alone were similar to those in neurons in co-cultures (unpublished data). Moreover, peripheral LPS challenges markedly increased the number of p-Erk1/2--positive astrocytes in the hippocampus of juvenile GFAP-GFP mice ([Fig. 7 D](#fig7){ref-type="fig"}), consisting with the result observed in cultured cells. These results indicate that TLR4 activation results in differential activation of downstream signaling mediators in astrocytes and neurons, and Erk1/2 signaling is specifically and significantly enhanced in astrocytes after TLR4 stimulation.

![**LPS-activated TLR4--MyD88 signaling pathway in astrocytes involves Erk1/2 activation.** Representative Western blots of Erk1/2 and p-Erk1/2 from cultured astrocytes and hippocampal neurons (DIV15) in co-cultures (A) and quantification of Erk1/2 (B) and p-Erk1/2 (C) expression showing LPS significantly increased Erk1/2 and p-Erk1/2 levels in astrocytes. *n* = 4 for each group. (D) Representative images (top) of immunohistostaining of colocalization of p-Erk1/2 (red) in hippocampal CA1 area of P14 GFAP-GFP mice treated with saline or LPS and quantification of the percentage of p-Erk1/2--positive astrocytes (bottom). Bar, 25 µm. *n* = 11 for each group. Representative Western blots of Erk1/2 and p-Erk1/2 from cultured *TLR4^−/−^* astrocytes and neurons co-cultured with *TLR4^−/−^* astrocytes (E) and quantification of Erk1/2 (F) and p-Erk1/2 (G). *n* = 4 for each group. Representative Western blots of Erk1/2 and p-Erk1/2 from cultured *MyD88^−^*^/−^ astrocytes and neurons co-cultured with *MyD88^−/−^* astrocytes (H) and quantification of Erk1/2 (I) and p-Erk1/2 (J). *n* = 3 for each group. β-Actin is shown as a loading control. \*, P \< 0.05; \*\*\*, P \< 0.001 (in B and C, one-way ANOVA with the post hoc Dunnett's test; in D, *t* test). Data are mean ± SEM.](JCB_201605046_Fig7){#fig7}

To determine whether Erk1/2 activation is MyD88 dependent, we then examined Erk1/2 levels in *TLR4^−/−^* or *MyD88^−/−^* astrocytes, as well as in hippocampal neurons co-cultured with *TLR4^−/−^* or *MyD88^−/−^* astrocytes, in response to LPS exposure. Erk1/2 and p-Erk1/2 levels were not significantly altered in astrocytes from *TLR4^−/−^* or *MyD88^−/−^* mice and neurons co-cultured with *TLR4^−/−^* or *MyD88^−/−^* astrocytes ([Fig. 7, E--J](#fig7){ref-type="fig"}), supporting that astrocytic Erk1/2 activation is specifically involved in LPS-induced signal transduction.

Does astrocytic activation of Erk1/2 during postnatal development is sufficient and necessary to promote synaptogenesis and dendritic branching? To address this question, we first transfected the cultured astrocytes with a vector (pXJ40-MYC) that expresses a constitutively active Src homology 2 domain-containing phosphotyrosine phosphatase 2 (SHP2) mutant (SHP2^E76V^; see details in the Materials and methods), which relieves its autoinhibition and constitutively activates Erk1/2 ([@bib35]). The transfection rate in astrocytes was ∼70.3 ± 15.6%, and Erk1/2 expression in SHP2^E76V^-transfected astrocytes was 1.60 ± 0.19 relative to that in astrocytes transfected with an empty vector ([Fig. 8 A](#fig8){ref-type="fig"}). ACM from SHP2^E76V^-transfected astrocytes significantly raised the densities of PSD95 puncta ([Fig. 8, B and C](#fig8){ref-type="fig"}) and synaptophysin/PSD95 colocalized puncta ([Fig. 8, B and D](#fig8){ref-type="fig"}) in cultured hippocampal neurons. However, ACM from SHP2^E76V^-transfected astrocytes only slightly increased the dendritic length, whereas it had no effect on the dendritic number of cultured hippocampal neurons ([Fig. 8, E and F](#fig8){ref-type="fig"}). These results indicate that constitutively activating Erk1/2 in astrocytes is sufficient to promote synaptogenesis in cultured hippocampal neurons, whereas astrocytic Erk1/2 up-regulation only slightly changes the dendritic pattern in neurons.

![**Erk1/2 activation in astrocyte is sufficient for LPS-induced promotion of synapse development in neurons co-cultured with astrocytes.** (A) Representative Western blots of Erk1/2 (left) from cultured astrocytes transfected with SHP2^E76V^ and pXJ40-myc (pXJ40; empty vector) and quantification of Erk1/2 expression (right) showing up-regulated Erk1/2 in SHP2^E76V^-transfected astrocytes. *n* = 4 for each group. (B) Representative images of immunostaining of PSD95 (green), synaptophysin (red), and DAPI (blue) in neurons treated with ACM from astrocytes transfected with pXJ40 (left) or SHP2^E76V^ (right). Bar, 25 µm. Quantification of PSD95 puncta (C) and PSD95/synaptophysin colocalized puncta (D) in neurons treated with ACM from astrocytes transfected with pXJ40 or SHP2^E76V^. *n* = 29 and 33 for pXJ40 and SHP2^E76V^ groups, respectively. Quantification of the length (E) and number (F) of dendritic branching in neurons treated with ACM from astrocytes transfected with pXJ40 or SHP2^E76V^. *n* = 29 and 33 for pXJ40 and SHP2^E76V^ groups, respectively. Quantification of PSD95 puncta (G) and PSD95/synaptophysin colocalized puncta (H) in neurons treated with ACM from *MyD88^−/−^* astrocytes transfected with pXJ40 or SHP2^E76V^, with or without U0126, an MEK1/2 inhibitor. *n* = 31 and 32 for pXJ40- and SHP2^E76V^-groups, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 (in A and C--E, *t* test; in G and H, two-way ANOVA with the post hoc Holm-Sidak test). Data are mean ± SEM.](JCB_201605046_Fig8){#fig8}

Next, we determined to investigate whether TLR4--MyD88 signaling was required for constitutively active Erk1/2 to promote synaptogenesis. We transfected *MyD88^−/−^* astrocytes with SHP2^E76V^ and then applied ACM from SHP2^E76V^-transfected *MyD88^−/−^* astrocytes to primary hippocampal neuron cultures. ACM from SHP2^E76V^-transfected *MyD88^−/−^* astrocytes was able to significantly increase the densities of PSD95 puncta ([Fig. 8 G](#fig8){ref-type="fig"}) and synaptophysin/PSD95 colocalized puncta ([Fig. 8 H](#fig8){ref-type="fig"}) in cultured hippocampal neurons, and these increments of puncta densities could be blocked by MAPK kinase (MEK) 1/2 inhibitor U0126 ([Fig. 8, G and H](#fig8){ref-type="fig"}). The results illustrate that Erk1/2 activation alone is sufficient to up-regulate synaptogenesis in cultured hippocampal neurons.

Finally, we tested whether blocking Erk1/2 would rescue LPS-induced synapse abnormalities and seizure susceptibility. We designed specific shRNAs to knockdown Erk1/2 in astrocytes (see details in the Materials and methods) and then added A/LPS from astrocytes transfected with Erk1-shRNA or Erk2-shRNA to hippocampal neuron cultures. The shRNAs reduced Erk1 and Erk2 levels in astrocytes by ∼60% (Erk1-shRNA) and 40%, respectively (Erk2-shRNA; [Fig. 9 A](#fig9){ref-type="fig"}). Compared with A/LPS from astrocytes transfected with negative ctrl-shRNA, A/LPS from astrocytes transfected with Erk1-shRNA or Erk2-shRNA had less effect on synaptogenensis ([Fig. 9, B--D](#fig9){ref-type="fig"}) in cultured hippocampal neurons. MEK1/2 inhibitor U0126 (20 µM) also suppressed the effect of LPS on synaptogenesis in hippocampal neurons co-cultured with astrocytes ([Fig. 9, E--G](#fig9){ref-type="fig"}). Furthermore, i.p. injection of MEK1/2 inhibitor SL327 (32 mg/kg) significantly attenuated LPS-induced reduction of the onset ([Fig. 9 H](#fig9){ref-type="fig"}) and prolonged the duration ([Fig. 9 I](#fig9){ref-type="fig"}) of PTZ-induced seizures in WT mice, indicating that Erk1/2 activation is important for LPS-induced enhancement of seizure susceptibility in the second postnatal week. Collectively, these results indicate that LPS regulation on synapse development and seizure sensitivity is mediated by Erk1/2 activation in astrocytes.

![**Erk1/2 activation in astrocytes is necessary for LPS-induced effects on synapse development and PTZ-induced seizure susceptibility.** (A) Representative Western blots of Erk1/2 (top) in astrocytes transfected with ctrl-shRNA, Erk1-shRNA, or Erk2-shRNA, and quantification of Erk1/2 expression (bottom). *n* = 4, 4, and 3 in ctrl-shRNA, Erk1-shRNA, and Erk2-shRNA groups, respectively. (B) Representative images of immunostaining of PSD95 (green), synaptophysin (red), and DAPI (blue) in cultured neurons treated with ACM from Erk1-shRNA knockdown astrocytes exposed to vehicle (Ctrl) or LPS. Bar, 25 µm. Quantification of PSD95 puncta (C) and PSD95/synaptophysin colocalized puncta (D) in neurons treated with ACM from astrocytes transfected with ctrl-shRNA, Erk1-shRNA, or Erk2-shRNA (exposed to vehicle or LPS). *n* = 27, 29, and 30 in ctrl-shRNA, Erk1-shRNA, and Erk2-shRNA groups, respectively. (E) Representative images of hippocampal neurons co-cultured with astrocytes exposed to vehicle (Ctrl), LPS, LPS + U0126, or U0126. Bar, 25 µm. Quantification of PSD95 puncta (F) and PSD95/synaptophysin colocalized puncta (G) in co-cultured neurons from E. *n* = 27, 29, 28, and 29 in Ctrl, LPS, LPS+U0126, and U0126 groups, respectively. MEK1/2 inhibitor SL327 attenuated LPS-induced reduction in onset (H) and prolongation of duration (I) of PTZ-induced seizures in young mice. *n* = 5, 5, 6, and 5 for Ctrl, LPS, LPS+SL327, and SL327 groups, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ^\#^, P \< 0.05 (in A and F--I, one-way ANOVA with the post hoc Dunnett's test; in C and D, two-way ANOVA with the post hoc Holm-Sidak test). Data are mean ± SEM.](JCB_201605046_Fig9){#fig9}

Discussion {#s07}
==========

These results demonstrate a major function of astrocyte during early postnatal development and unravel a key TLR4-mediated pathway in astrocytes regulating postnatal excitatory synapse development. Astrocytic activation of TLR4--MyD88--Erk1/2 pathway promoted excitatory synapse generation in the second postnatal week in mice. Immune activation during this critical time period thus causes a marked increase of excitatory synaptic transmission in hippocampus. As the hippocampus initiates and spreads seizure activities, the findings could have direct relevance for the cause of childhood seizures and epilepsy.

In the present study, we used a systemic LPS treatment method to induce a predisposition to seizure generation in young mice. Peripheral infections are commonly associated with sickness behaviors, implicating that systemic inflammation may cause central effects ([@bib56]). Epidemiological studies have shown that systemic inflammatory diseases are often found in patients with epilepsy ([@bib58]). In experimental models, peripheral inflammation can lower seizure threshold, and this increased seizure susceptibility might be because of a "mirror" CNS inflammatory response caused by peripheral infectious agents ([@bib46]). Although we do not know whether our systemic treatment of LPS elicits the profound central consequence via a direct effect of circulating LPS ([@bib5]; [@bib47]) or a secondary effect of LPS-induced peripheral inflammatory mediators, both may contribute to the increased astrocyte activation and astrocytic TLR4 activation in young mice ([Fig. 2](#fig2){ref-type="fig"}). It will be interesting to determine if circulating LPS can be directly recognized by CNS-resident cells including parenchymal glial cells in future studies.

Our results showed that systemic LPS treatment induced astrocyte activation in young mice, whereas it did not affect microglia activation. This could be because of the fact that we used a relatively low-dose LPS to challenge the juvenile mice. Similar results were observed in young rats treated with low-dose LPS ([@bib21]). In addition, whereas microglia are the main immunocompetent cells in the immature brain, LPS may predominantly bind TLR4 in astrocytes in the neonate brain ([@bib54]). Interestingly, resting microglia express considerably more TLR4 than do resting astrocytes ([@bib34]). Future studies are required to clarify whether TLR4 level is up-regulated in reactive astrocytes upon TLR4 stimulation in the developing brain ([@bib29]).

Astrocyte-mediated signaling events are critical in wiring and shaping the neural circuits. We showed that activating TLR4 in astrocytes facilitated excitatory synapse generation in the second postnatal week. At early developmental stages, astrocytes are well known to contribute to normal synapse development. Many important molecules are released from astrocytes during early development, promoting synapstogenesis in adjacent neurons. For example, astrocyte-derived thrombospondings (TSPs) help to form structurally stable excitatory synapses ([@bib8]; [@bib18]); astrocyte-derived glypicans further help to incorporate glutamate receptors into the postsynaptic site, forming functional synapses ([@bib1]). Interestingly, LPS treatments at P10--12 rapidly increased synaptogenesis in the hippocampus of p14 mice ([Fig. 1](#fig1){ref-type="fig"}). This is not surprising because astrocyte-mediated promotion of synapse formation is generally fast. For instance, it takes 3--6 d for TSPs to have significant prosynaptogenic effects ([@bib8]; [@bib62]). Our results revealed that in the second postnatal week, astrocytes are indispensable in response to pathological insults by means of regulating synapse formation. Maturing astrocytes monitor the surrounding environment, recognize pathogen-associated molecular patterns and damage-associated molecular patterns via their surface TLRs, and respond with an increased synaptogenesis possibly because of a compensatory purpose. Thus, maturing astrocytes are critical in the temporal control of brain wiring under both physiological and pathological conditions.

Cumulating evidence supports ERK signaling as crucial for balancing neurogenesis and astrogenesis during embryonic and early postnatal development. Activating the SHP2--Ras--Raf--MEK--ERK pathway in nonneuronal cells inhibits astrogenic Janus kinase--signal transducer and activator of transcription 3 signaling and promotes neurogenesis ([@bib61]). Sustained SHP2 activation thus results in an increased neuron to astrocyte ratio ([@bib22]), which may impede astrocyte-regulated synapse development. However, this suppression of synapse formation by decreased number of astrocytes may be counteracted by ERK activation in astrocytes, as our data clearly show that ERK activation in astrocytes promotes synaptogenesis. This may explain why excitatory synapse number is actually increased in a mouse model of Noonan syndrome expressing a constitutively active SHP2 ([@bib33]). The other route of MEK/ERK activation in astrocytes is via TLR stimulation in a MyD88-dependent manner. Although we do not know the identity of the MAPK kinase kinase in this pathway, MAPK kinase kinases such as TGF-β--activated kinase 1 ([@bib23]) and tumor progression locus 2 ([@bib27]) are known to be present in glial cells. As a converging point of Ras- and TLR-mediated prosynaptogenic pathways, ERK bridges innate immune reactions and neurotrophic factor--induced effects.

Some of our key results were obtained from the noncontact astrocyte-neuron co-culture and ACM-treated neuronal culture experiments, suggesting a secreted molecule from astrocytes may mediate abnormal excitatory synapse development in response to Erk1/2 activation. As mentioned above, maturing astrocytes secrete a variety of factors that facilitate normal synaptogenesis during postnatal development. It is possible astrocytic ERK activation augments synapse formation by merely increasing the amount of these secreted molecules. Although we do not know the identity of the secreted molecule yet, it is unlikely TSP1 release is increased upon TLR4 activation, as previous studies have shown that ERK phosphorylation leads to a decrease in TSP1 transcription ([@bib7]) and translation ([@bib28]) in astrocytes. Detailed screening is ongoing to uncover the molecule(s) released from astrocytes in response to TLR4 stimulation.

Our results indicate that the prosynaptogenic effect of astrocytic TLR4 activation is profound in the second postnatal week and quickly subsidized in the following weeks in mice. This decline is probably not because of a down-regulation of key factors in the TLR4--ERK pathway, as TLR4, MyD88, and Erk1/2 are all expressed in mature astrocytes. Innate immune responses are often controlled by negative regulators, because excessive and unleashed responses are extremely harmful and can cause severe inflammatory diseases such as septic shock and chronic inflammation. Thus, it is possible some key negative regulators of TLR4--ERK signaling are up-regulated with postnatal development in astrocytes. Negative regulators of TLR--ERK signaling, such as receptor tyrosine kinase adaptors downstream of kinases 1 and 2, are present in microglia and astrocytes ([@bib16]). It will be interesting to test their involvement in controlling TLR4--ERK signaling in the developing astrocytes in future studies. Alternatively, some unknown factors downstream to the TLR4--ERK pathway may be developmentally regulated. Secreted molecules from astrocytes and their signaling partners in neurons may well be subjected to postnatal regulation.

In conclusion, the current work depicts a crucial TLR4-mediated pathway in astrocytes underpinning peripheral immune challenge-induced seizure susceptibility during postnatal development. This signaling pathway may also be relevant to CNS infection--induced seizures and epilepsy in children. Most infectious agents associated with childhood seizures and epilepsy are recognized by TLRs in a MyD88-dependent manner. Therefore, the MyD88-dependent Erk1/2 activation may serve as a common pathological mechanism for many immune activation--related diseases.

Materials and methods {#s08}
=====================

Animals {#s09}
-------

All procedures were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Animal Advisory Committee at Zhejiang University. B6 (stock number 000664), *TLR4^−/−^* (C57BL/10ScNJ; stock number 003752), *MyD88^−/−^* \[B6.129P2(SJL)-*Myd88tm1.1Defr/J*; stock number 009088\], *MyD88^flox/flox^* \[C57BL/6-Tg(Camk2a-ESR1/Disc1\*)2698.1Sva/J; stock number 008088\], and GFAP-GFP \[D2.FVB-Tg(GFAPGFP)14Mes/SjJ; stock number 026856\] mice were purchased from The Jackson Laboratory. All mice were housed at the Animal Facility of Zhejiang University under a 12-h light/dark cycle and had access to food and water ad libitum. In total, ∼191 mice were used in this study. Pregnant mice were used for primary neuron cultures and IUE. For behavioral experiments, only male mice were used.

PTZ-induced seizure test {#s10}
------------------------

PTZ dose used in this study (40 mg/kg in young mice and 50 mg/kg in adult mice, in 0.9% saline, i.p. injection volume was 1 ml/100 g body weight) was determined as a dose at which PTZ induced seizures in 75% of naive mice. In brief, 2- and 11-wk-old mice treated with drugs (saline, LPS \[1.0 mg/kg/d; Sigma-Aldrich\], SL327 \[selective inhibitor MEK1 and MEK2; 32 mg/kg/d; Tocris Bioscience\], or LPS plus SL327, i.p. injection for 3 d \[P10--12 or P70--72; see details in the figure legends\]) were individually placed in a Plexiglas box, and convulsive behaviors were analyzed for 30 min after PTZ injection. The time to onset and the duration of tonic-clonic seizures were measured as previously described ([@bib53]).

Golgi staining {#s11}
--------------

Golgi stainings were performed using a Rapid GolgiStain Kit (PK401; FD Neurotechnologies, Inc.) according to the manufacturer\'s instructions ([@bib44]). In brief, nonperfused mouse brains were immersed in impregnation solution for 2 wk and then transferred to Solution C for 2 d. Sections of 200-µm thickness were serially cut with a freezing microtome (CM30503; Leica Biosystems). Sections were mounted on 3% gelatin-coated slides and allowed to dry for 2 wk before being stained with silver nitrate solution Solution D and E, dehydrated through descending alcohol series, and mounted with Permount (Thermo Fisher Scientific). Images were acquired with a microscope (BX53; Olympus) at room temperature, and neuronal morphology analysis was performed using ImageJ software (National Institutes of Health). At least five pyramidal neurons in the hippocampal CA1 region per mouse were randomly selected. Neurons were then reconstructed by a researcher who was blinded to the identity of each group using a camera lucida and a 40× objective (NA 0.95). Dendritic length was calculated for each neuron reconstructed. In brief, concentric spheres of increasing radius (10-µm increments) were placed around the center of the cell body until dendrites were completely captured. The number of dendritic intersections was counted and expressed as total number of intersections starting at the center of the soma. The density of dendritic spines of a distinct branch was measured by a 100× oil-immersion objective (NA 1.3). Spines visible along both sides of dendritic segments were counted and expressed as mean number of spines per micrometer ([@bib55]). Two-way analysis of variance (ANOVA) followed by a post hoc multiple comparison analysis based on the Holm-Sidak method were used to determine significant levels between the saline and LPS groups.

Slice recording {#s12}
---------------

Mice (2 or 10 wk old) were anesthetized with isoflurane and the brain was then removed after decapitation. The brain areas containing hippocampus were dissected rapidly and transferred to a chamber filled with ice-cold artificial cerebrospinal fluid (ACSF; 124 mM NaCl, 2 mM KCl, 1.25 mM KH~2~PO~4~, 2 mM MgSO~4~, 2 mM CaCl~2~, 26 mM NaHCO~3~, and 10 mM [d]{.smallcaps}-glucose, pH 7.4, 300 mosM). Transverse hippocampal slices (300 µm) were cut with a tissue slicer (VT 1200S; Leica Biosystems) and incubated in oxygenated (95% O~2~/5% CO~2~) ACSF. Slices were allowed to recover for ∼30 min in ACSF at 32°C and subsequently for 1 h at room temperature. Hippocampal slices were then transferred to a recording chamber and perfused continuously with ACSF at 35°C bubbled with 95% O~2~/5% CO~2~ to ensure adequate oxygenation of slices. Whole-cell recordings were performed on CA1 pyramidal neurons. Neurons were identified under infrared differential interference contrast optics based on their location and morphology. Borosilicate glass pipettes (3--6 MΩ; A-M Systems) were pulled with a horizontal pipette puller (P97; Sutter Instrument) and filled with artificial intracellular fluid (120 mM potassium gluconate, 15 mM KCl, 10 mM Hepes, 4 mM Mg-ATP, 0.3 mM Tris-GTP, and 0.5 mM EGTA, pH 7.3, 285--290 mosM). Pipettes were connected to the headstage of an EPC 10 amplifier (HEKA), and fast and slow capacitance as well as series resistance compensations were carefully adjusted. Liquid junction potentials were not corrected. mEPSCs were recorded at −70 mV in ACSF containing 0.5 µM tetrodotoxin (TTX; Ascent Scientific) and 10 µM bicuculline (Ascent Scientific). Series resistance was normally \<20 MΩ, and recordings of \>20% change in series resistance were terminated and discarded. Electrophysiological recordings were filtered at 2.0 kHz and digitized at 50 kHz. All reagents were purchased from Sigma-Aldrich unless otherwise specified. Individual events were counted and analyzed with Mini Analysis (Synaptosoft). For kinetic analysis, only single-event mEPSCs with a stable baseline, sharp rising phase (10 to 90% rise time), and exponential decay were chosen during visual inspection of the recording traces. Double- and multiple-peak mEPSCs were excluded. 300 s of recordings randomly chosen from five cells in each group were analyzed ([@bib65]; [@bib53]).

Immunohistochemistry {#s13}
--------------------

Mice were deeply anesthetized with isoflurane and perfused transcardially with 4% PFA in PBS. Brains were extracted and postfixed in 4% PFA overnight and then moved to 30% sucrose in PBS. After brains were saturated (36 h), coronal brain sections (30-µm thickness) were cut using a freezing microtome (CM30503; Leica Biosystems). Sections were processed as free-floating sections. After being blocked in PBS containing 5% normal donkey serum (NDS; 017-000-121; Jackson ImmunoResearch Laboratories, Inc.), 1% BSA (Sigma-Aldrich), and 0.3% Triton X-100 (Sigma-Aldrich) for 1 h at room temperature, tissue sections were incubated with primary antibodies (rabbit anti--GFAP \[1:1,000; Z0334; Dako\], rabbit anti--Iba-1 \[1:500; 019-19741; Wako Pure Chemical Industries\], mouse anti--TLR4 \[1:200; sc-293072; Santa Cruz Biotechnology, Inc.\], rabbit anti--MyD88 \[1:50; ab2068; Abcam\], rabbit anti--phosphorylated (p)-Erk1/2 \[1:50; 4370; Cell Signaling Technology\], and mouse anti--s100β \[1:1,000; SAB4200671; Sigma-Aldrich\]) overnight at 4°C in the blocking solution. Tissue sections were washed in PBS (15 min, three times), incubated with an appropriate secondary antibody (Alexa Fluor 488 anti--mouse IgG \[1:1,000; A-21202; Thermo Fisher Scientific\] or Alexa Fluor 546 anti--rabbit IgG \[1:1,000; [A10040](http://www.ncbi.nlm.nih.gov/nuccore/489103); Thermo Fisher Scientific\]) for 1 h at room temperature. After being washed with PBS three times, sections were mounted onto glass slides with ProLong Gold Antifade Reagent ([P36931](http://www.ncbi.nlm.nih.gov/protein/2506707); Thermo Fisher Scientific). Images were captured using an A1 laser-scanning confocal microscope through a 20× objective (NA 0.75; Nikon) and taken at a resolution of 1,024 × 1,024 pixels at room temperature under a fixed set of settings. Fluorescence intensities and cell numbers were analyzed by MetaMorph (Molecular Devices) with a fixed set of parameters.

Cell cultures and drug treatments {#s14}
---------------------------------

Hippocampal neurons from embryonic day 18 (E18) mice were prepared as described previously ([@bib63]; [@bib52]). In brief, embryos were removed from maternal mice anesthetized with isoflurane and euthanized by decapitation. Hippocampi were dissected and placed in Ca^2+^- and Mg^2+^-free Hepes-buffered HBSS, pH 7.45, followed by a digestion with 0.25% wt/vol trypsin. After trituration through a Pasteur pipette, neurons were centrifuged (1,000 *g* for 5 min) and resuspended in Neurobasal medium containing 2% B27 serum-free supplement, 1% vol/vol penicillin/streptomycin, 0.5 mM glutamine, and 10 µM glutamate (Sigma-Aldrich). Dissociated cells were then plated at a density of 0.03 × 10^6^ cells/cm^2^ onto 12-mm round coverslips in 24-well plates (for immunochemistry and recording) or at a density of 0.05 × 10^6^ cells/cm^2^ in 6-well plates (for Western blots) precoated with poly-[d]{.smallcaps}-lysine (50 µg/ml; Sigma-Aldrich). Cultures were kept at 37°C in a 5% vol/vol CO~2~-humidified incubator. Thereafter, one third to half of the medium was replaced twice a week with Neurobasal culture medium containing 2% B27 supplement and 0.5 mM glutamine. Cultured astrocytes were prepared as described previously with minor modifications ([@bib37]; [@bib20]). Cortices were dissected from 0- to 1-d-old mice (P0 to -1; WT, *TLR4^−/−^*, and *MyD88^−/−^*) and digested with 0.25% wt/vol trypsin in DMEM. Tissue was triturated and resuspended after centrifugation in astrocyte culture medium (DMEM containing 10% vol/vol FBS and 1% vol/vol penicillin/streptomycin). Cells were plated in T-75 flasks at the density of two cortices per flask (Costar; Corning) precoated with poly-[d]{.smallcaps}-lysine. The cells were grown for at least 7 d at 37°C with 5% vol/vol CO~2~, and a complete medium change was performed every other day. At confluence after DIV8--10, cultures were shaken for 12--16 h at 250 rpm at 37°C on an orbital shaker (KS4000i Control Incubating Shaker; IKA) followed by an incubation in culture medium containing 20 µM cytosine-1-β-D-arabinofuranosid (Sigma-Aldrich) for 2 to 3 d to deplete the precursor cells and to achieve a confluent layer of astrocytes. Purified astrocyte cultures contained very little microglia, as estimated by immunofluorescence (with rabbit anti--Iba-1 \[1:500; 019-19741; Wako\] and rabbit anti--GFAP antibody \[1:1,000; Z0334; Dako\]) and Western blots. The percentage of Iba-1--positive cells in the astrocyte cultures was 5.6 ± 0.4% (*n* = 10 fields from three cultures, using 20× objective), and Iba-1 expression was 6.9 ± 0.7% of GFAP expression in astrocyte cultures. For co-culture experiments, neurons and astrocytes were cultured in an indirect co-culture assay with or without direct contacts, but sharing the same defined medium ([@bib42]). In brief, astrocytes were subcultured in cell culture inserts (Transwell inserts, pore size 0.4 µm; BD) at a density of 25,000 cells per insert via enzymatic digestion with 0.05% wt/vol trypsin with EDTA. After an adherence time of 48 h, the transwell inserts with astrocytes were placed into six-well plates with hippocampal neurons at DIV4 to 5, and the astrocyte medium was replaced with the neuron medium. In experiments dealing with ACM, ACM was collected 4 to 5 d after replacing the astrocyte culture medium with the neuron culture medium. Neurons at DIV4 to 5 were cultured with ACM, and half of the medium was replaced at DIV8 with fresh ACM. At DIV13, half of the medium was replaced with ACM collected from astrocytes treated with LPS or vehicle. At 48 h before immunocytochemistry experiments were performed, TLR4 agonist LPS (1 µg/ml; Sigma-Aldrich), antagonist LPS-RS (10 µg/ml; InvivoGen), and/or MEK1/2 inhibitor U0126 (20 µM; EMD Millipore) were added into the culture media for neuron cultures and astrocyte-neurons co-cultures. Propidium iodide (Sigma-Aldrich) staining was used to detect the cell survival rate. For ACM experiments, at 48 h before ACM collection, LPS was added in astrocyte cultures. All reagents were purchased from Thermo Fisher Scientific unless otherwise specified.

Cultured neuron recording {#s15}
-------------------------

Immediately before electrophysiological recording, neurons at DIV15 were transferred to a perfusion chamber and visualized with an inverted microscope (IX51; Olympus). Whole-cell patch-clamp recordings were performed in the voltage-clamp mode at room temperatures (22--23°C) at a holding potential of −70 mV. For mEPSC recordings, neurons were perfused with a bath solution containing 145 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 2 mM MgCl~2~, 10 mM glucose, and 10 mM Hepes, pH 7.40 (290--310 mosM), and mEPSCs were pharmacologically isolated by adding 0.5 µM TTX and 10 µM bicuculline to the bath solution. Patch pipettes (4--6 MΩ) were filled with artificial intracellular fluid: 140 mM potassium gluconate, 10 mM KCl, 5 mM NaCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 5 mM EGTA, 5 mM Hepes, and 3 mM ATP, pH 7.30 (290--300 mosM). For mIPSC recordings, neurons were perfused with a bath solution containing: 137 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 20 mM glucose, and 10 mM Hepes, pH 7.40 (310--320 mosM), and mIPSCs were pharmacologically isolated by adding 0.5 µM TTX, 40 µM APV (Ascent Scientific), 10 µM CNQX (Ascent Scientific), and 1 µM CGP54626 (Tocris Bioscience) to the bath solution. Patch pipettes (4--6 MΩ) were filled with artificial intracellular fluid: 137 mM CsCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 11 mM EGTA, 10 mM Hepes, and 3 mM ATP (pH 7.30, 290--300 mosM). All reagents were purchased from Sigma-Aldrich unless otherwise specified. Recordings were amplified using an Axopatch 200B amplifier (Molecular Devices). Individual events were counted and analyzed with MiniAnalysis as mentioned in the Slice recording section ([@bib52]).

Immunocytochemistry {#s16}
-------------------

Immunocytochemistry experiments were performed as previously described ([@bib62]). In brief, cells on coverslips were fixed by 4% PFA plus 4% sucrose in PBS for 20 min and permeabilized by 0.2% Triton X-100 for 10 min. The cells were blocked with 10% NDS for at least 2 h and then were incubated with primary antibodies (mouse anti-PSD95 \[1:500; MAB1596; EMD Millipore\] and rabbit anti--synaptophysin \[1:500; ab14692; Abcam\] or mouse anti--MAP2 \[1:1,000; ab7756; Abcam\]) diluted in 3% NDS for 1 h. After being washed with PBS for three times, fluorescent secondary antibodies (Alexa Fluor 488 anti--mouse IgG and Alexa Fluor 546 anti--rabbit IgG) were added for 1 h. After being washed with PBS for three times, the coverslips were mounted with ProLong Gold Antifade Reagent for subsequent fluorescent image acquisition. Fluorescent images were acquired using a confocal laser-scanning microscope (LSM510 meta; ZEISS). Pictures were viewed through a 63× oil-immersion objective (NA 1.4) and taken at a resolution of 1,024 × 1,024 pixels at room temperature. An overlay of the single pictures (stacks) was made. Gain, threshold, and black levels were not subjected to change during individual experiments. Neuronal images were analyzed using MetaMorph with customized filter sets. Images were initially acquired as 12-bit grayscale pictures and prepared for presentation using Photoshop (Adobe Systems). All image analysis was done blind to the experimental condition. Spines were defined as dendritic protrusions of 0.5--3 µm length, with or without a head. The number of excitatory synapses was measured by counting the number of PSD95 puncta in contact with synaptophysin puncta in neurons (∼200 µm total dendritic length per neuron; [@bib30]). Colocalization of two fluorescent signals was determined using the "colocalization" module in MetaMorph as described ([@bib32]). The colocalization module provides intensity measurements of the region overlap between signals in red and green channels of image projections. To minimize random overlap as a result of projection of confocal images, a single optical section from the z series stack that showed the largest amount of fluorescent signals was used to determine the degree of colocalization in the cell body. Means from multiple individual neurons were averaged to obtain a population mean and SEM. The numbers (*n*) in figure legends represent cell numbers from three to four independent experiments.

Western blotting {#s17}
----------------

Hippocampi were obtained and homogenized using a chilled Vibrahomogenizer (Vibra-Cell; Sonics and Materials, Inc.) containing 2 ml RIPA buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium pyrophosphate, 1.0 mM Na~3~VO~4~, 1.0 mM PMSF, and complete protease inhibitor cocktail; Roche). Cultured neurons and astrocytes were washed twice with ice-cold PBS after the medium was carefully aspirated and then were collected on ice with ice-cold RIPA buffer mentioned above. The lysate was then centrifuged at 14,000 *g* for 15 min at 4°C and the supernatant collected for Western blot analysis. The protein concentration of the probes was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), and the tubes were stored at −20°C. 10% SDS-PAGE was used to separate protein samples. After electrophoresis, the gels were transferred to polyvinylidene fluoride membranes (EMD Millipore) using a constant voltage of 300 mV for 90 min. The membranes were then blocked in 5% milk in TBST (25 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20, pH 7.4) for 30 min at room temperature on a rocker and incubated in the primary antibody overnight on a rocker at 4°C. Primary antibodies were made with 5% milk in TBST solutions (mouse anti--GFAP \[1:1,000; ab10062; Abcam\]; rabbit anti--Iba-1 \[1:500; 019-19741; Wako Pure Chemical Industries\]; mouse anti--TLR4 \[1:200; ab22048; Abcam\]; mouse anti--Erk1/2 \[1:1,000; 4696S; Cell Signaling Technology\]; rabbit anti--p-Erk1/2 \[1:1,000; 9101S; Cell Signaling Technology\]; rabbit anti--MyD88 \[1:1,000; ab2064; Abcam\]; rabbit anti--p38 \[1:1,000; 9212; Cell Signaling Technology\]; rabbit anti--p-p38 \[1:1,000; 4511S; Cell Signaling Technology\]; mouse anti--NF-κB p65 \[1:500; 6956; Cell Signaling Technology\]; rabbit anti--p-NF-κB p65 \[1:500; 3033L; Cell Signaling Technology\]; rabbit anti--JNK (1:1,000; 9252; Cell Signaling Technology); rabbit anti--p-JNK \[1:1,000; 9251S; Cell Signaling Technology\]; and mouse anti--β-actin \[1:10,000; Sigma-Aldrich A5441\]). After primary antibody incubation, the membranes were rinsed three times in TBST before being incubated with anti--mouse HRP-conjugated secondary antibody (1:10,000 in 5% milk in TBST; 31430; Thermo Fisher Scientific) and anti--rabbit HRP-conjugated secondary antibody (1:10,000; 31460; Thermo Fisher Scientific) for 1 h on a rocker at room temperature. After being washed in TBST three times on a rocker at room temperature, protein bands were then visualized using either ECL or ECL-Plus Western blotting detection reagents (Thermo Fisher Scientific). Quantification of the intensity of the protein bands obtained in Western blots was performed using ImageJ software, and results were normalized to the appropriate β-actin bands.

The *piggyBac* plasmids and IUE {#s18}
-------------------------------

The *piggyBac* plasmids (including the helper plasmid, pGlast-PBase, and the donor plasmid, pPBGFAP-eGFP) were provided by J. LoTurco (University of Connecticut, Storrs, CT; [@bib6]). To construct a donor plasmid pPBGFAP-Cre-eGFP, the LoxP site in pPBGFAP-eGFP was removed by using a standard PCR method (the primers were: 5′-GGACTAGTCAGGAAGACGGGGTGTTACAG-3′ \[forward\] and 5′-GGACTAGTTGCGATTAATAAGTATAATTTG-3′ \[reverse\]). Then a Cre sequence was inserted into the EcoRI site (the primers were 5′-CGGAATTCATGTCCAATTTACTGACCGTACACC-3′ \[forward\] and 5′-CGGAATTCATCGCCATCTTCCAGCAG-3′ \[reverse\]). pGlast-PBase and pPBGFAP-eGFP plasmids were used as negative controls. IUE aiming hippocampus was performed on E15 mice, as previously described ([@bib2]; [@bib45]; [@bib39]; [@bib6]). In brief, E15 mice were anesthetized with a gas anesthetizer (Matrx VIP 3000; mix ratio 1.5, flow rate 1.0, consuming 1 ml isoflurane per 10 min; Midmark) before surgery. To visualize the electroporating process, plasmids were mixed with 2 mg/ml Fast Green (Sigma-Aldrich). In all conditions, pPBGFAP-Cre-eGFP and pPBGFAP-eGFP were used at the final concentration of 1.5 µg/µl, whereas pGLAST-PBase was used at the final concentration of 3 µg/µl. During surgery, the uterine horns were exposed, and one lateral ventricle of each embryo was pressure injected with 1 to 2 µl plasmid DNA. Injections were made by inserting a pulled glass microelectrode into the lateral ventricle through the uterine wall and embryonic membranes and injecting the content of the microelectrode by pressure pulses delivered with an electroporator (EDIT-TYPE CUY-21; Nepa Gene). A voltage of 40 V was used for electroporation. Antibiotics were administered at a dose of 1 mg/kg s.c. for 1 d after surgery. To estimate the electroporation efficiency, coronal brain sections (30 µm) from IUE mice were cut using a freezing microtome. Tissue sections were incubated with mouse anti--GFAP and Alexa Fluor 546 anti--rabbit IgG and then mounted onto glass slides with ProLong Gold Antifade Reagent for fluorescent image (as mentioned in Immunohistochemistry). The mean IUE transfection rate was 50.1 ± 8.8% (*n* = 25), ranging from the lowest rate of 35.9% to the highest rate of 71.8%. Data from mice with an IUE transfection rate \<30% were excluded.

Plasmids, shRNAs, and transfection {#s19}
----------------------------------

The constitutively active SHP2 mutant (SHP2^E76V^) plasmid (pXJ40-MYC-SHP2) and empty vector (pXJ40-MYC) were provided by Y. Ke (Zhejiang University School of Medicine, Hangzhou, China; [@bib35]). The E76V mutation in SHP2 releases SHP2 from autoinhibition and constitutively activates Erk1/2. All constructs were verified by sequencing (Thermo Fisher Scientific). For Erk1/2 knockdown experiments, specific shRNAs chemically synthesized by GenChem Research were used. Sequences of the shRNA constructs are as follows: negative control-shRNA (5′-TTCTCCGAACGTGTCACGT-3′), mouse Erk1-shRNA (5′-AAGTTCGAGTAGCTATCAA-3′), and mouse Erk2-shRNA (5′-TGAATTGTATCATCAACAT-3′). All constructs were verified by sequencing (Thermo Fisher Scientific). Plasmids and shRNA transfections were performed with Lipofectamine 2000 (11668-019; Thermo Fisher Scientific) in an Opti-MEM medium (31985070; Thermo Fisher Scientific) according to the vendor\'s protocol. For each transfection, astrocytes in six-well plates were incubated with plasmid DNA (4 µg) or shRNA (3 µg) combined with Lipofectamine 2000 (4 µl). Each transfection was done in triplicate. ACM from SHP2^E76V^- or shRNA-transfected astrocytes treated with LPS for 48 h was added to neuron cultures as mentioned in Cell cultures and drug treatments. To evaluate DNA transfection rate or shRNA-silencing efficiency, transfected astrocytes were harvested for Western blots.

Statistics {#s20}
----------

SigmaPlot, SigmaStat (Systat Software, Inc.), and Prism (GraphPad Software) were used for data display and statistical analysis. Significance is reported as P \< 0.05, and data were expressed as mean ± SEM. Student *t* test, one-way ANOVA followed by a post hoc multiple comparison analysis based on the Dunnett's method, or two-way ANOVA followed by a post hoc multiple comparison analysis based on the Holm-Sidak method were used to determine significant levels between treatments and controls. The Kolmogorov-Smirnov test was used to determine the significance level of two distributions.

Online supplemental material {#s21}
----------------------------

Fig. S1 shows the effects of LPS on PTZ-induced seizure susceptibility and astrocyte activation are attenuated in *TLR4^−/−^* mice during a critical developmental period. Fig. S2 shows that LPS increases mEPSC frequency and amplitude, but does not affect mIPSC frequency and amplitude in neurons co-cultured with astrocytes. Fig. S3 shows that A/LPS promotes synaptogenesis and dendritic branching in cultured hippocampal neurons. Fig. S4 shows the effects of LPS on MAPK and NF-κB expressions in cultured astrocytes and neurons co-cultured with astrocytes. Table S1 shows the effects of LPS on synaptogenesis and dendritic branching in WT astrocyte co-cultured hippocampal neurons (DIV15) derived from WT, *TLR4^+/−^*, and *TLR4^−/−^* littermate mice.

Supplementary Material
======================

###### Supplemental Materials (PDF)
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